I ntroduction
In a previous paper (Boas & Honeycombe 1946) it has been shown th at certain noncubic metals are deformed by heating and cooling. Electrolytically polished speci mens of tin, cadmium and zinc were subjected to thermal cycles between 30 and 150° C, and in each case, signs of plastic deformation were detected after only a small number of cycles. The deformation in cadmium and zinc was clearly visible as slip, while in tin only distortion in the region of the grain boundaries was apparent. This deformation was shown to be due to the anisotropy of thermal expansion which is a characteristic of non-cubic metals. When lead, which is a cubic metal, was subjected to similar treatment, no signs of deformation were detected. This paper describes an extension of the work to cover a wider range of experi mental conditions and to include other metals and alloys; the effects of temperature, purity and preferred orientation on the deformation have been investigated. The work has led to a general consideration of the phenomenon in the casting and annealing of metals. The behaviour on cyclic thermal treatment of certain duplex alloys forming the basis of tin-base bearing metals has been examined in some detail.
The experimental technique employed was in most cases the same as that described previously, namely, the specimens of pure metals were annealed, e'ectrolytically polished, and subjected to cyclic thermal treatment. Microscopic examination could then be carried out satisfactorily without further polishing, for with most of the metals used little tarnishing occurred. Every care was taken to avoid mechanical deformation of the specimens. The electrolytic polishing method was found to be inadequate in dealing with the alloys, and normal metallographic polishing was resorted to, the specimens being annealed after final polishing.
D eformation of metals b y cyclic thermal treatm ent
(a) Variation of maximum temperature of the cycle In the work described in the previous paper, the temperature range for the cyclic treatm ent of all the specimens was 30 to 150° C. Slip lines were, however, observed microscopically at temperatures far below the maximum temperature (150° C). Deformation would therefore be expected to occur during cyclic treatm ent within a smaller temperature range.
To confirm this point, a series of cadmium specimens, which had been annealed for 1 hr. at 200° C and were of similar grain size, was subjected to 20 cycles within various temperature ranges. Figure la , plate 15, shows an area representative of all specimens as polished. The specimens were immersed alternately in hot and cold oilbaths, the duration of a cycle being 7 min. Figure 1 b-f, plate 15, show photomicro graphs of typical areas from the specimens after cyclic treatment. For the range 30 to 75° C slip lines were produced after 20 cycles (figure 16, plate 15), but no grain boundary migration was observed in this temperature range even after 50 cycles. With increasing range of temperature, the deformation became much more pronounced, more grains were deformed, and grain-boundary migration became increasingly evident (figures 1 c-e, plate 15). In the range 30 to 250° C after 20 cycles, the small original grains had been replaced by large grains. This process of grain growth resulted from the high maximum temperature of the cyclic treatment, and would have taken place in any case if the specimen had originally been annealed at 250° C instead of 200° C. The deformation was very pronounced, and was confined principally to the large new grains which themselves showed extensive grain-boundary migration. An examination of figure 1/, plate 15, shows the network of grain-boundary impressions produced by this migration; it can be seen th at the slip lines cross the old grain boundaries. I t should be emphasized th at this specimen had originally a grain size similar to th at of the other specimens of the series; some of the original grain-boundary impressions are still visible.
Marked grain growth was also observed during the cyclic treatm ent of spectro scopically pure tin (99-998 %) between 30 and 150° C (see figure 2a, plate 15). This had not been obtained with the less pure tin (99-85%) used in the earlier experiments.
(6) Cyclic cooling in liquid air The experiments described previously were carried out between 30° C and higher temperatures. If the deformation is due to the anisotropy of thermal expansion, then it should also occur when the cycles are carried out between room temperature and lower temperatures. An advantage of such a temperature range is th at grain boundary migration is practically eliminated and recovery greatly reduced. To investigate this, the cycles were carried out by immersing the specimen, contained in a thin glass tube, in liquid air. To complete the cycle, the tube was removed and the specimen allowed to reach room temperature. The total time of such a cycle was 20 min.
After several such cycles, slip lines and some twinning were detected in zinc, cadmium and tin, but no effects were observed with lead. Some difficulty was encountered because of the tarnishing of the lead specimens, so to overcome this a lead specimen was sealed in a thin-walled glass tube in an atmosphere of dry oxygenfree nitrogen. To make a direct comparison a cadmium specimen was treated in the same manner, and the two specimens were subjected to 16 cycles. Subsequent microscopic examination showed slip lines and twinning in the cadmium, while the lead was free from any signs of deformation. No grain-boundary migration was observed in either case.
A specimen of spectroscopically pure tin (99-998 %) contained in a glass tube and subjected to 10 cycles showed slip lines and some twins. When a specimen of less pure tin (99-85 %) was similarly treated, few slip lines were observed, the main effect being grain-boundary accentuation. As shown in figure 26 , plate 15, the slip lines observed in very pure tin after cyclic treatm ent at low temperatures are straight. This is in contrast to slip lines produced during cyclic treatm ent at elevated temperatures, which are usually curved and less well defined (see figure 2a , plate 15). Similar curved slip lines have been described by Greenland (1937) in the case of mercury crystals.
I t was also observed that the cyclic treatm ent at low temperatures produced complex slip indicated by the occurrence of two or more sets of slip lines in the one grain (see figure 26 ). This phenomenon was observed in zinc, cadmium and tin.
The anisotropy of thermal expansion 429 (c) Specimens with preferred orientation
Deformation produced by cyclic thermal treatment has been shown to be due to the anisotropy of thermal expansion of the crystals comprising the material. If a preferred orientation exists in the metal, i.e. if the same crystallographic axes are parallel in all the crystals, then the thermal expansion parallel to the common boundary of neighbouring crystals will be the same, and no stresses will be set up on heating or cooling.
Many attempts were made to produce specimens with a strongly preferred orientation both by annealing subsequent to severe cold working and by casting. Such specimens should behave in a similar manner to a single crystal, and cyclic thermal treatment should produce no deformation. The results with pure metals (cadmium and zinc) were not conclusive because it was apparently not possible to produce a sufficiently strong preferred orientation. However, cast tin-antimony alloys possessing a marked columnar structure showed very little distortion in the region of the grain boundaries even after 100 cycles between 30 and 150° C. This is in contrast to the behaviour of similar alloys consisting of equi-axed grains which, after the same treatment, showed marked deformation. This is shown in figure  3 a and 6, plate 16.
(d) Aluminium and magnesium
Lead has a cubic crystal structure with isotropic thermal properties. For this reason it shows no plastic deformation on heating or cooling. We should, therefore, expect th at aluminium which is also cubic would behave similarly. Rolled and annealed aluminium*^99*97 % pure) was electrolytically polished and subsequently annealed for 3 hr. at 250° C. I t was then subjected to 50 cycles between 30 and 200° C, a greater temperature range than th at used in most of the previous experiments. Micro-examination after this treatm ent revealed no signs of plastic deformation or grain-boundary migration.
Magnesium which has a melting-point close to th at of aluminium and is not cubic was treated in exactly the same manner. Again, no deformation or grain-boundary migration was detected after 50 cycles. This is due to the fact that, although mag nesium possesses a hexagonal crystal structure, its thermal properties are very nearly isotropic, and the stresses set up are presumably too small to produce observable effects.
Casting a n d a n n e a l in g of metals (a) Metals as cast
The cooling of a metal from the liquid state already represents half a thermal cycle over a very wide temperature range. Consequently, if the metal possesses a high anisotropy of thermal expansion, then stresses will be set up in the cast metal.
Small ingots of zinc, cadmium, tin and lead were cast into preheated moulds with armour plate-glass bases. In the case of tin and lead it was possible to observe the free surface of the ingot, but with zinc and cadmium observations were more satisfactorily made on the under surface. In either case, no polishing of the resultant smooth surfaces was required in order to examine the ingots microscopically.
In cast cadmium and zinc, slip lines were observed in a number of grains. Typical examples are shown in figure 4 a and 6, plate 16. In a complicated networks of grain boundaries were apparent without etching. Similar networks have been observed in many metals by Vogel (1923) . W ith tin, observation of the mirror-like free surface as the ingot solidified and cooled revealed, even to the naked eye, the gradual accentuation of the grain boundaries which had become very marked by the time room temperature was reached. This effect is similar to th a t observed previously during the cyclic thermal treatm ent of annealed tin specimens. In similar experiments with lead, no slip lines were produced, but grain boundaries were visible under the microscope, and a very limited amount of grain-boundary migration was detected.
(6) Annealing of cast metals As the above experimental evidence indicates th at stresses are present in some metals in the as-cast state, experiments were made to determine the effect of these stresses on subsequent annealing. Ingots of tin, cadmium, zinc and lead, 1 § x 3 x J in., were cast in a shallow steel mould, which was, in each case, preheated before casting.
Cadmium and lead ingots cast into moulds preheated to approximately 300° C were macro-etched on the free surfaces and photographed. The ingots were then annealed in an air oven for 24 hr. at 290 to 300° C; they were allowed to cool slowly and were then re-etched. In each experiment, a lead ingot and a cadmium ingot were treated simultaneously to ensure comparable results. Figure 5 and 6, plate 17, are photomacrographs of ingots prior to annealing, while figure 5 c andd, plate 17, show the same two ingots on re-etching after annealing. I t is apparent th at marked grain growth has occurred in the cadmium ingot, while the lead ingot has remained substantially un changed. This effect was observed in castings over a range of grain sizes (0-5-3 mm.) and occurred both when the specimens were placed directly into the air oven at 290° C and when they were slowly heated up with the oven to the final temperature.
In tin ingots (99-975 % pure), annealed for 24 hr. at 190 to 200° C, grain growth was detected in one case only, and even here it occurred in a limited area of the ingot. This would be expected in view of the relatively small anisotropy of thermal expansion in tin.
Zinc ingots (99-99 % + pure) of the same size were cast and annea at 365° C. No general change in grain size was observed by the macroscopic technique employed, even in the case of an ingot annealed for 96 hr. at 380 to 390° C, although some localized absorption of grains occurred. This result is surprising in view of the great anisotropy of thermal expansion in zinc. Further experiments with specimens of equally pure zinc, but possessing different grain sizes, were carried out and the same results obtained. The absence of grain growth may be a question of purity, but no definite explanation can be offered.
D epth and ex t en t of deformation
The metallographic observation of plastic deformation, as indicated by slip lines, twinning and distortion in the vicinity of grain boundaries, is limited to the surface of the metal. Removal of the surface layer by etching or polishing removes also the slip lines; however, X-ray photographs taken after etching will reveal if any deforma tion is present in the interior of the specimen.
A zinc specimen approximately 0-15 in. thick was subjected to 100 cycles between 30 and 150° C and an X-ray 'back-reflexion photograph was taken; further back reflexion photographs were then made after the removal of 0-005, 0-012 and 0-080 in. from one face of the specimen by etching. In each case, lattice distortions were shown by the blurring of the spots, and no marked difference in the extent of blurring was detected. Thus the deformation occurs throughout the whole specimen and is not restricted to the surface layers.
I t might thus be expected th at sufficiently prolonged cyclic thermal treatm ent would produce a change in the physical properties of the metals. To investigate this, hardness measurements were carried out on specimens of cadmium and zinc after various numbers of cycles. Even after 400 cycles between 30 and 150° C, practically no increase in hardness was detected in either zinc or cadmium. Since it was pos sible th a t recovery occurred during the thermal cycles with the elimination of the work hardening, cyclic treatm ent of zinc was carried out between room temperature and the temperature of liquid air. After 75 such cycles an increase in hardness of only 2 Brinell units was obtained. This increase indicates that, in spite of the marked visual evidence, the plastic deformation is not very severe. This result can be compared with the increase in hardness produced by mechanical working. A specimen of annealed zinc compressed by 9 % showed an increase in hardness of 5 Brinell units.
P u r it y of metals
W. Boas and R. W. K. Honeycombe I t has already been mentioned th at a significant difference has been observed in the behaviour of two grades of tin when subjected to cyclic treatm ent. First, very few slip lines were observed in specimens of the less pure tin (99-85 %), both when the treatm ent was carried out in liquid air and a t elevated temperatures. The more obvious sign of deformation was distortion occurring in the region of the grain boundaries. When specimens of spectroscopically pure tin (99-998 %) were employed, many slip lines were detected as a result of cyclic treatm ent in both temperature ranges (figures 2 a and 6, plate 15). Another point of difference between the two materials was the extent of grain-boundary movement at elevated temperatures. In the less pure tin, grain-boundary migration occurred during cyclic treatm ent between 30 and 150° C. A specimen of spectroscopically pure tin, when subjected to 25 cycles in the same temperature range, showed pronounced grain growth. This occurred early in the cyclic treatm ent because marked slip lines were evident in the large new grains, and only very slight evidence of slip lines could be detected in the small original grains. The large grains once formed were not stable, but showed grain-boundary migration as the cyclic treatm ent was continued.
The effect of purity was also marked in the case of zinc. Zinc of 99-95 % purity* showed no grain-boundary migration after cyclic thermal treatm ent in the range 30 to 150° C, whereas a purer grade of zinc (99-99 % + )* showed grain-boundary 
. E x p e r i m e n t s w i t h d u p l e x a l l o y s
The deformation described above occurs as a result of interaction between crystals of the one phase. In alloys in which two phases are present, deformation due to the different thermal expansion of the two phases is superimposed on the deformation due to the anisotropy of the primary phase. In order to investigate the relative importance of these two effects some experiments were carried out with tin-antimony alloys. These alloys are of some practical importance as they form the basis of tin-base bearing alloys.
Tin-rich tin-antimony alloys were chosen because large particles of a second phase could be obtained as a suitable distribution in the primary solid solution. This solid solution has the tetragonal structure of tin, while the second phase is the intermetallic compound SnSb which possesses a cubic crystal structure (Bowen & Morris-Jones 1931) . The microstructure of the 5 % antimony alloy consists solely of the solid solution, whereas in the alloys of higher antimony content, cuboids (SnSb) are embedded in the tetragonal matrix (Hanson & Pell-Walpole 1936) .
Alloys containing approximately 5,10,15 and 20 % antimony were cast and small specimens were mechanically polished. After final polishing, the specimens were annealed for 1 hr. at 200° C, and were then subjected to cyclic thermal treatment between 30 and 150° C in glass tubes in order to minimize tarnishing. Selected areas were photographed at intervals during the experiment. In all cases the surfaces of the specimens acquired a 'rumpled' appearance as a result of distortion in the vicinity of the grain boundaries of the matrix.
That these distortions coincide with the grain boundaries has been shown by macro-etching. The deformation has the appearance of cracks in the alloy. However, it has been shown by cross-sectioning th a t the cracks are usually limited to the surface of the metal, although the deformation extends much farther. With in creasing antimony content, this surface rumpling became less pronounced. A few slip lines were detected in the 5 % antimony alloy (figures 7 a and 6, plate 18), but none were observed in the other alloys (figures 7 c andd, plate 18), although the matrix has nearly the same composition in all cases. These observations indicate th at the cuboids have a stiffening effect on the matrix, which shows less plastic deformation on cyclic thermal treatm ent the greater the number of cuboids present. Two factors contribute to this stiffening of the solid solution comprising the m atrix : first, the cuboids are much harder than the matrix, and secondly, their presence in increasing numbers reduces the volume of the anisotropic phase in the alloy. The effect is clearly shown in figures 7 a-d, plate 18. Micro-examination of the cuboids embedded in the grains of the matrix showed slight distortion in the vicinity of some cuboids, but the main deformation was restricted to the region of the grain boundaries of the primary solid solution.
Similar results were obtained with tin-base bearing alloys. The composition typical of those investigated is as follows: tin 91-9 % copper 4-0 % antimony 4-0% nickel 0-1%
In such alloys the second phase consists of acicular particles of CuSn (Farnham 1934) which possess a hexagonal crystal structure (Westgren & Phragmen 1928) . Again on cyclic thermal treatm ent, deformation occurred as distortions in the regions of the grain boundaries of the matrix. The hard particles contributed little to the total deformation. No such distortions were obtained with lead-base bearing alloys.
D iscu ssio n a n d conclusions
The work described in our previous paper was based on experiments carried out with tin, cadmium, zinc and lead in the temperature range 30 to 150° C. This work has now been extended by varying the temperature range and employing additional metals. The deformation observed in non-cubic metals is due to their anisotropy of thermal expansion, and a theoretical estimation of the stresses shows that their magnitude is directly proportional to the temperature range. The extent of plastic deformation should therefore decrease as the temperature range of the cycle is narrowed. This has now been shown qualitatively to be the case. The high sensitivity of cadmium to deformation on cyclic thermal treatm ent should be noted, variation of the temperature between 30 and 75° C being sufficient to produce slip lines.
The fact th at the slip lines are not due to the relief of internal stresses present in the metal as a result of previous treatm ent has already been shown. This is further supported by the following two observations. First, during the cyclic treatm ent of cadmium between 30 and 250° C, and tin between 30 and 150° C, slip lines appear in new crystals formed as a result of marked grain growth early in the cyclic treatm ent (figures 1/ and 2 a, plate 15) . Secondly, zinc, cadmium and tin are plastically deformed when subjected to cyclic treatm ent between room temperature and the temperature of liquid air. Under these conditions the relief of pre-existing internal stresses in metals by slip cannot be expected, and consequently the deformation must have another source.
When the experiments were carried out in liquid air, the density of slip lines was similar to th a t obtained during cyclic treatm ent to elevated temperatures, as far as could be estimated by microscopic examination. The stress is apparently more complicated, as it gives rise to complex slip and some twinning in zinc, cadmium and tin. The temperature range employed (approximately 210° C) was greater than th a t used in the previous work (120° C); on the other hand, the critical shear stress of these metals a t the temperature of liquid air is at least twice the value at 150° C (Schmid & Boas 1935) . Thus a higher stress can be maintained than at more elevated temperatures without being relieved by plastic deformation. I t follows th at the change in temperature, and not the direction of this change, is the important factor in the deformation of non-cubic metals as a results of the anisotropy of thermal expansion. The cubic metal lead showed no signs of deformation when given cyclic treatm ent both to low temperatures and elevated temperatures.
The metals zinc, cadmium, tin, and lead, which were used in the majority of the experiments, possess low melting-points. In the case of cadmium and lead, the comparison of the behaviour on cyclic thermal treatm ent was particularly appro priate because of the closeness of their melting-points. The work was then extended to aluminium and magnesium. These metals also possess similar melting-points which are, however, considerably higher than those of the other four metals. As would be expected the cubic metal aluminium showed no signs of plastic deformation even after 50 cycles between 30 and 200° C.
After the same treatm ent no sign of plastic deformation could be observed in magnesium. In the appendix to our previous paper, a calculation was made of a factor indicating the comparative likelihood of slip for the various metals. This factor was 2 for tin, 12 for cadmium and 15 for zinc. A similar calculation for mag nesium, in which the maximum coefficient of thermal expansion is only 6 % higher than the minimum, gave a figure of 0*04.
Grain growth has been shown to occur when cast cadmium is annealed (Cook 1923) , and the observations on cadmium described above confirm this result. The same effect has been observed during the annealing of cast zinc of high purity (Guillet 1943) , although the present authors have been unable to confirm this result. As early as 1923 Desch suggested that this grain growth occurs because of stresses set up as a-result of the anisotropy of thermal expansion during cooling from the liquid state. The view that deformation is a prerequisite for grain growth is implicit in this explanation. Desch mentioned the absence of grain growth during the annealing of a cast cubic metal, namely, gold (Fraenkel 1922) , in support of his contention. This has been further substantiated by the present authors' observations on lead. Recently, Laszlo (1944) has calculated the order of magnitude of such stresses; he has suggested th at recrystallization occurs during cooling of non-cubic metals and produces a preferred orientation in the material resulting in lower strain energy.
The detection of slip lines on the surface of cast cadmium and zinc which has already been described (figures 4 a and b, plate 16) fully supports the above explanation of grain growth. I t therefore appears impossible to obtain these non-cubic metals in a completely strain-free condition a t room temperature. The stresses may be relieved by annealing at sufficiently high temperatures, but new stresses will be produced on cooling again to room temperature, resulting in further plastic deformation. This is in direct contrast to the conventional principle th at stresses due to plastic deforma tion are removed by prolonged treatm ent at elevated temperatures. Thus in deter mining a suitable heat treatm ent to obtain non-cubic metals in a strain-free con dition, it is doubtful whether a high-temperature annealing, after which high new stresses are produced on cooling, is preferable to a low-temperature annealing in which the previous stresses are incompletely eliminated, but only slight new stresses are produced. The most satisfactory procedure probably consists of a low-tem perature annealing over a long period of time.
Grain-boundary migration in zinc was only detected with metal of very high purity (99-99 % + ) and not in a less pure grade (99-95 %) when specimens were subjected to cyclic thermal treatm ent between 30 and 150° C. This emphasizes again the familiar effect of insoluble impurities on the grain-boundary movement in metals. The main impurities in the zinc were lead and iron. The solubility of lead in zinc is less than 0-03 % (Peirce 1922) , and the solubility of iron in zinc is no more than 0-0028 % (Truesdale, Wilcox & Rodda 1936) . Thus in the zinc of 99-95 % purity which did not show grain-boundary migration, a t least some iron will be present as a second phase. On the other hand, grain-boundary migration does occur in the purer zinc where these impurities are held almost entirely in solid solution.
The nature of the deformation produced by cyclic thermal treatm ent of tinantimony alloys was similar to th at obtained in the case of pure tin, namely, principally distortion at the grain boundaries of the primary solid solution.
Grain-boundary migration, which occurred to a marked degree in pure tin, was absent in the alloys of higher antimony content. However, a limited amount of migration occurred in the 5% antimony alloy. Carpenter & Elam (1920) also observed grain-boundary migration and accentuation in a 1-5 % antimony alloy in experiments of a similar nature designed to investigate the process of grain growth during annealing.
It would be expected th at some interaction should occur between the cuboids and the matrix in the tin-antimony alloys of higher antimony content, for at least in certain directions there must exist a difference in thermal expansion. Some evidence of deformation as a result of this has been observed, but the effect is very much smaller than th at occurring a t the grain boundaries of the matrix. This small effect can be understood because the value of the coefficient of thermal expansion of the phase SnSb lies between the limits of the coefficients of expansion of the tin-rich matrix.* In tin-base bearing alloys only slight interaction has been observed between the matrix and the acicular particles (CuSn) which possess a hexagonal structure. The main deformation again occurs in the matrix. The same observation has been made in the case of lead-base bearing alloys where there was no interaction between the hard particles of cubic crystal structure (CuSn) and the cubic lead-rich matrix. In these alloys, however, no deformation is observed in the matrix because of its isotropic nature.
I t is clear th at in the tin-base alloys, the surface cracks occur in the vicinity of the grain boundaries of the tin-rich solid solution, and correspond to the grain-boundary accentuation observed in pure tin. In the case of bearings, these surface irregularities can extend deeply into the bearing alloy lining, and may ultimately reach the steel outer shell. As these distortions occur in the region of the grain boundaries, their distribution will be related to the size and shape of the grains of the tin-rich phase. The extent to which the effect produces defects in tin-base bearings under service conditions will depend primarily on two factors, namely, the operating temperature of the bearing and the number of times it is raised to this temperature. The above experiments have indicated th at marked defects occur even after a few cycles in a temperature range over which many bearings operate.
This work has been confined to the effect of cyclic temperature changes on metals and alloys of relatively low melting-point. Of the metals of higher melting-point, few possess a non-cubic crystal structure, and no determinations of the anisotropy of thermal expansion have been made. The only information refers to cobalt, in which case no anisotropy of thermal expansion has been detected In many other substances which possess marked anisotropy of thermal expansion, stresses will occur when they are subjected to temperature changes. For example, the existence of such stresses in rocks had already been discussed by Howe (1910) . He considered th at the weathering of rocks is partially due to stresses produced by temperature variations, and distinguished two possibilities by which minute inter granular thrusting is produced. Stresses are set up as a result of differences in the coefficients of thermal expansion, first of the various constituents of the rock, and secondly within grains of the one constituent as a result of the anisotropy of thermal expansion. Lord Rayleigh (1934) found that after marble had been heated to a temperature of 100° C its rigidity was diminished. This effect became increasingly marked as the temperature was raised further. He interpreted the results as due to the anisotropy of thermal expansion of calcite. As a result of the stresses set up during heating, the structure is dislocated and loosened with increase of volume, the process being irreversible. It is thus evident that the continual heating and * A d eterm in a tio n o f th e coefficient for SnSb g a v e th e v a lu e 17 x 10-6 . M axim um an d m in im u m v a lu es for tin are 30-5 and 15-5 x 10~6, an d th ese w ill n o t be m a teria lly a ltered b y th e p resence o f a n tim o n y in solid so lu tio n . T h u s th e m a x im u m difference in th erm al ex p a n sio n b etw een hard p articles and m atrix is sm aller th a n th a t p ossib le b etw een tw o m a trix grains.
cooling of rocks, with the resultant inhomogeneous expansion and contraction, contribute to the ultimate disintegration which is apparent both in stone buildings and in the landscape. The anisotropy of thermal expansion 439
